Transcription of major histocompatibility complex class II genes is elaborately regulated. Mouse class II genes are transcribed primarily in B cells, peripheral macrophages and interdigitating cells, and thymic cortical and medullary cells. In this study, we began to identify the DNA sequences and protein factors that control expression of a class II gene in B cells, addressing in particular how closely they resemble those that regulate immunoglobulin gene expression. We describe a region upstream of the E., gene that is crucial for its transcription in the B cells of transgenic mice but is less important in cultured B-cell lines. The sequence of this region reveals several familiar motifs, including a second X-Y pair reminiscent of that residing in the promoter-proximal region of all class II genes, a B motif strikingly homologous to that associated with the immunoglobulin kappa gene enhancer, several Ephrussi motifs, and a Pu box-like sequence very similar to that implicated in simian virus 40 and lymphotrophic papovavirus expression in B cells. Careful study of the proteins that bind specifically to these different motifs prompts us to suggest that major histocompatibility complex class II and immunoglobulin genes rely on quite different factors to achieve B-cell-specific expression. mechanisms that control immunoglobulin gene expression. Evidence exists that the B-cell specificity of transcription is dictated by a tissue-specific enhancer (7, 25, 47, 51, 54, 59 ), a tissue-specific promoter (19, 21, 26, 45, 55) , tissue-specific silencer elements (32, 33, 37, 73, 76) , and perhaps sequences that reside in the body of the gene (27) . Within these different elements, crucial 6-to 12-base-pair (bp) sequence motifs have been delineated and protein factors which bind to them have been identified. The most emphasis has been placed on the following three motifs. (i) Sequence comparisons have revealed a conserved octamer (ATTTGCAT) in the heavyand light-chain promoters and in the heavy-chain enhancer (19, 52) . This motif was shown by transfection studies to be of great functional importance (6, 16, 23, 42, 78) . The octamer serves as the recognition site for lymphoid-cellspecific and ubiquitous protein factors (1, 8, 11, 31, 38, 39, 43, 49, 60, 62, 63, (67) (68) (69) 
Studies on tissue-specific regulation of transcription have usually focused on genes that operate in one cell lineage (for reviews, see references 17 and 44). The genes coding for albumin, insulin, the globins, and the immunoglobulins are good examples; each is expressed in a single differentiated cell type as the result of tight transcriptional control. In contrast, class II genes of the major histocompatibility complex (MHC) operate in a broader set of contexts; cells as diverse as macrophages, thymic epithelial cells, and B lymphocytes all express MHC class II genes. An important question to address is whether unique or overlapping sets of DNA sequences modulate expression in these disparate cells.
Another question to pursue is whether controls operating on class II gene expression in a certain cell type bear any relationship to controls that operate on other genes expressed specifically in the same type of cell. For example, MHC class II molecules and immunoglobulins are both prominent B-cell surface markers, and they appear at similar stages of differentiation. The precise patterns of their expression within the B-lymphocyte lineage do differ, however (for reviews, see references 20 and 70). Murine MHC class II molecules are displayed prominently on mature B cells but are generally absent from the surface of pre-B and immunoglobulin-secreting plasma cells. In addition, the MHC class II genes respond to effectors which seem not to influence immunoglobulin gene transcription and vice versa. Despite (perhaps because of) these differences, it would be of great interest to compare the mechanisms which control immunoglobulin and MHC class II gene expression in B cells. Is there more than one route to achieve specific expression in the B-lymphocyte lineage? What molecular events dictate the precise pattern of transcription through B-cell differentiation? What mechanism(s) permits fluctuation of expression under the influence of lymphokines and other effectors?
Much recent effort has been devoted to unravelling the * Corresponding author.
mechanisms that control immunoglobulin gene expression. Evidence exists that the B-cell specificity of transcription is dictated by a tissue-specific enhancer (7, 25, 47, 51, 54, 59 ), a tissue-specific promoter (19, 21, 26, 45, 55) , tissue-specific silencer elements (32, 33, 37, 73, 76) , and perhaps sequences that reside in the body of the gene (27) . Within these different elements, crucial 6-to 12-base-pair (bp) sequence motifs have been delineated and protein factors which bind to them have been identified. The most emphasis has been placed on the following three motifs. (i) Sequence comparisons have revealed a conserved octamer (ATTTGCAT) in the heavyand light-chain promoters and in the heavy-chain enhancer (19, 52) . This motif was shown by transfection studies to be of great functional importance (6, 16, 23, 42, 78) . The octamer serves as the recognition site for lymphoid-cellspecific and ubiquitous protein factors (1, 8, 11, 31, 38, 39, 43, 49, 60, 62, 63, (67) (68) (69) .
(ii) Gel retardation assays have revealed a site in the K gene enhancer that is recognized by a B-cell-specific factor (2, 63) . Mutation of this so-called B sequence (GGGGACTTTCC) abolishes expression of a linked gene in B lymphocytes (42) . Further study revealed that this factor is inducible in non-B cells by phorbol esters (64) , perhaps a correlate of the finding of similar motifs in the simian virus 40 (SV40) enhancer, the human immunodeficiency virus long terminal repeat, and the H-2K gene (4, 34, 50) . The B motif, when polymerized, can act as a lymphoidcell-specific enhancer (56) . (iii) An in vivo footprinting technique has revealed B lineage-specific protein contacts on the heavy-chain enhancer (10, 18) . Examination of these contacts allowed the definition of a consensus Ephrussi sequence (GCCAGGTGGC) which has been observed at multiple locations in both heavy-and light-chain enhancers (63) . Mutation of an Ephrussi sequence can affect expression of linked genes in B cells, but because of redundancy of this element, generation of a pronounced effect often requires simultaneous mutation of at least two Ephrussi motifs (23, 42) . Ubiquitous nuclear proteins have been shown to bind to at least some of this set of sequences (63, 75) .
Much less is known about the regulation of MHC class II genes in B cells. Two important sequence elements, the X and Y boxes, have been identified in the -50 to -150 region, but their influence is felt in all cell types that express class II antigens (9, 15, 66) . Both X and Y serve as recognition sites for apparently ubiquitous sequence-specific DNA-binding proteins (14, 15, 30, 37a, 48, 66) ; in fact, the latter is recognized by a CCAAT box-binding factor, NF-Y (14). The 5'-flanking region of the murine class II gene E,* has B-cellspecific enhancer activity (37a; W. Koch, C. Benoist, and D. Mathis, submitted for publication). This activity is due to the interplay of multiple elements. There is a strong nonspecific enhancer in the -2,172 to -1,148 region and a weaker but B-cell-specific enhancer in the -215 to +12 region. Other class II genes have been purported to possess lymphoid-cellor B-cell-specific enhancers in the 5'-flanking region (24, 71) or within an intron (71, 74) . In short, we are just beginning to understand how MHC class II genes function specifically in B cells.
In this report, we concentrate on a region (-1906 MATERIALS AND METHODS Creation and characterization of transgenic mice. The WE32-25 transgenic line carries a wild-type E gene and has been described previously (15) . The Sma58 and Sma65 lines were derived from C57BL/6 x SJL F2 hybrid eggs injected with an E, fragment spanning positions -1180 to +6800. The lines were propagated by back-crossing to C57BL/6.
Total RNA was prepared from mouse tissues as previously described (41) . For anti-immunoglobulin panning experiments, we followed the technique described in reference 79. RNA analysis by quantitative S1 nuclease mapping was performed as previously described (15, 41) . Cytofluorimetric profiles were obtained after indirect staining with the biotinylated monoclonal antibody 14.4.4 (anti-E) and phycoerythrin-avidin. Electronic gating on immunoglobulin M (IgM)-positive B lymphocytes was set after staining with a fluorescein isothiocyanate-conjugated rabbit anti-mouse IgM reagent.
Transfections. Transfections into the human B-lymphoblastoid cell line Raji were performed by the DEAE-dextran technique as described in detail elsewhere (37a), and cytoplasmic RNA transcribed from the transfected DNA was quantitated by S1 nuclease mapping.
Nucleotide sequencing. The sequenced E, fragments originate from clone XA/Jp34.13 (46) , subcloned into M13 in both orientations. Nested sets of deletions were generated by controlled exonuclease III-mung bean nuclease digestions as described in reference 81. The sequences of these templates were determined by the dideoxynucleotide chain termination method (61) . For a depiction of the direction and extent of the individual sequences obtained, see Fig. 4B . All of the sequence shown in Fig. 4A was confirmed in both orientations, except for the stretch downstream of the XmnI sites, which we have previously determined (46) . In vitro DNA-protein interactions. DNA-binding proteins were extracted from nuclei with 1 M NaCl by the protocol of Dignam et al. (13) , modified as described previously in detail (14) . The gel retardation and methylation interference assays have also been described elsewhere (14, 15, 30) .
RESULTS AND DISCUSSION
The -1,906 to -1,180 region is required for expression of the E, gene in B cells of transgenic mice. Several mouse lines carrying an MHC class II transgene have been produced over the past few years (15, 41, 58, 72a, 77, 80) . Most of these derive from injection of the E,. gene into embryos of C57BL/6 x SJL mice. The recipient strain does not transcribe its own Ea loci because of a large deletion that encompasses the promoter region and exon 1. If 1,906 bp of 5'-flanking DNA is included on the injected fragment, the Ea transgene is expressed in all of the usual compartments of the immune system: B cells, peripheral macrophages and interdigitating cells, and the thymic epithelium and cortex (15, 41, 72a, 77) .
However, a different pattern of expression occurs when fewer 5'-flanking sequences are present on the injected DNA. The two transgenic lines presented here (Sma58 and Sma65) derive from C57BL/6 x SJL embryos injected with an E, fragment that bears only 1,180 bp of 5'-flanking DNA.
Both lines carry low transgene copy numbers (two to four), and the injected DNA is transmitted in a Mendelian fashion (data not shown). We noticed quickly that both Sma58 and Sma65 showed defective expression of the transgene in their B-cell compartments. (37a) . Figure 3 shows an S1 nuclease analysis of RNA extracted from Raji cells 48 h after transfection with E.
constructs bearing deletions at the 5' end. Only a minor (2.7-fold by densitometry) reduction in E.S transcript level occurred upon deletion to position -1,180, and this approximate level was maintained upon further deletion to position -215. These results were obtained twice with two independent plasmid preparations.
A similar lack of influence was observed with the murine B-cell line M12 (data not shown). (Fig. 4, legend) .
The sequence was searched for motifs (i) previously implicated in the control of gene expression in B cells or (ii) previously shown to bind a B-cell-specific protein or both. Double-stranded oligonucleotides spanning each motif were then synthesized, as were control oligonucleotides spanning the immunoglobulin or MHC gene homolog (Table 1) . These oligonucleotides were evaluated in the gel retardation assay after incubation with nuclear extracts from various cell types.
The EI 5'-end sequence is presented in Fig. 4A Astonishingly, a second X-Y pair, in reverse orientation, was located between positions -1,392 and -1,346 on the Ea gene; this second motif will be referred to as X'-Y'. It is boxed in Fig. 4 and compared with the promoter-proximal X-Y pair in Fig. 5A . The comparison between X-Y and X'-Y' illustrates several features typical of the conservation of X and Y boxes in human and murine MHC class II gene promoters: (i) more stringent homology between Y and Y' than between X and X' and (ii) nearly invariant distances between the motifs. Intrigued by this finding, we searched the 5' ends of the two other MHC class II genes for which there is extensive sequence information. Indeed, an X'-Y' motif was found for A. at about positions -1590 and -1545 (40) and for EP at about positions -990 to -940 (24). These upstream motifs are also in inverted orientation (Fig. 5A) (Fig. 7-9 ). Band 1. Band 1 represents a protein that binds to the K Ephrussi sequence. Methylation interference mapping unambiguously demonstrated protein contacts in this region (Fig. 8) . Moreover, this band could be outcompeted by KBE40 but not by a 21-mer truncated just before the Ephrussi motif (KB21) (Fig. 9A and B) . Interestingly, band 1 was not outcompeted by EaBE40, which bears an Ephrussi motif-like sequence (Fig. 9E) ; this is consistent with the finding that gel retardation assays with this oligonucleotide showed no band 1 (Fig. 7A) .
Band 2. Band 2 represents a protein that binds in the Ephrussi region of both KBE40 and E,aBE40. This band was unaffected by mutation of the Ea sequence in the 5' half of the B motif (EaB*E40) but was reduced-actually converted to a doublet-by a mutation in the Ephrussi motif (EaBE*40) (Fig. 7B ). An extensive series of competition experiments also supported this conclusion in that band 2 was outcompeted by KBE40 but not KB21 (Fig. 9A and B) ; similarly, it was outcompeted by E,LBE40 but not EaB21 (Fig. 9E and F 8, 1988 A. B.
C. complexes. There was variable evidence for contacts on the sense strand of the Ephrussi sequence and on the antisense strand of the 3' half of the B sequence. The very similar behaviors of the E,,, and K bands 2 in the various competition experiments suggest that they represent the same or very closely related proteins.
Band 3. Band 3 most likely represents the protein termed NF-KB by Sen and Baltimore (63) . This band did not occur when the K oligonucleotide was incubated with a nuclear extract from uninduced 70Z/3 cells or from nonlymphoid cells (Fig. 7C) ; it did appear after incubation with a nuclear extract from 70Z/3 cells induced by LPS, cycloheximide, or LPS-cycloheximide ( Fig. 7A and C; data not shown). Band 3 was outcompeted efficiently by both KBE40 and KB21, as well as by the SV40 and H-2Kb oligonucleotides (Fig. 9A, B , M, and N), indicating that it depends on interactions at the kappa B motif. NF-KB did not bind to the E,, B-related sequence, as evidenced by the absence of band 3 in gel retardation assays with a labeled Ea oligonucleotide (Fig.  7A) . Some affinity did exist, however, as demonstrated by very weak competition for band 3 formation by cold E..BE40
and EatBE*40 but not by EaB*E40 (Fig. 9E, J, and I) .
Band 4. Band 4 represents a protein, probably different from NF-KB, that binds to the K and E, B motifs. This conclusion is most convincingly supported by the methylation interference map shown in Fig. 8 . In addition, band 4 was clearly stronger in assays with the EaBE40 and E0,BE*40 oligonucleotides than with the EC,B*E40 oligonucleotide, which bears a mutation in the B motif (Fig. 7) . Finally, band 4 formation was outcompeted by KBE40, EaBE40, and EaBE*40 (Fig. 9A, C , E, G, J, and L). Interestingly, competition was much less pronounced with KB21 and EaB21 (e.g., compare Fig. 9A and B or E and F) and was essentially nonexistent with the SV40 and H-2Kb B sequences ( Fig. 9M to P), suggesting that the protein represented by band 4 also recognizes adjacent sequences and distinguishing the binding properties of the band 3 and 4 proteins. One is led to question whether band 4 represents binding of a factor first identified as interacting with the H-2Kb enhancer, KBF1/H2TF1 (4, 34) . The recognition sequence of this factor (GGGGATTCCCC) is very similar to that of NFKB (GGGGACTTTCC). Indeed, both proteins bind to both sequences, although KBF1/H2TF1 has a clear preference for the H-2Kb site (5). The proteins are also distinguishable on the basis of cell type distribution and contact sites on the recognition sequence. KBF1/H2TF1 is essentially ubiquitous and contacts all four Gs; NFKB activity is present constitutively only in B cells and contacts only three of the Gs (4, 5, 34, 63, 64) . That band 4 could represent KBF1/ H2TF1 binding was supported by its detection in assays with all of the cell types and by the observation that all four Gs are contacted in band 4 DNA. However, competition experiments suggest that the band 4 protein has less affinity for the H-2Kb sequence than for the immunoglobulin gene sequence (cf. Fig. 9A and M) . This may be because the competing H-2Kb oligonucleotide is significantly shorter than the immunoglobulin gene oligonucleotide. Note also that KB21 competed less well than KBE40 (cf. Fig. 9A and B or C and D). Alternatively, we may be faced with a third protein which recognizes the B family of motifs. Table 1 ). EaB*E40 and Ea,BE*40 are mutations of EaBE40, with several base changes in the B or Ephrussi motif, respectively. In panels A and B, the 1 M NaCl nuclear extract was from M12 cells. In panel C, the extract was from 70Z/3 cells grown with or without LPS for 16 h before harvest. In all panels, duplicate lanes correspond to incubation mixtures set up with 100 or 300 ng of poly(dI-dC). (10, 42, 63 (Table 1) . The EQE3 and ,uE3 oligonucleotides gave rise to completely different patterns (Fig. 10) . Four bands were evident with EmE3; they are not specific to B cells, since they could be detected in nuclear extracts from M12 (Fig. 10) , as well as those from LMTK (data not shown); three of them must be due to factors that actually recognize the Ephrussi motif, since they were abolished by the point mutations in the E,E3 oligonucleotide. This conclusion was strengthened by methylation interference mapping, which revealed contacts at these positions (data not shown). The fourth band is probably less relevant, since it was not affected by the substitutions in EaE3.
The functional relevance of the EmE3 motif and the factors we identified remains to be established, yet the demonstrated importance of the conserved bases for protein binding suggests that the E,a Ephrussi motif is a functional entity.
Pu motif. Pettersson and Schaffner (53) have recently drawn attention to a purine-rich sequence (CTGAAA GAGGAA) that appears to play an important role in the expression of SV40 and LPV (lymphotropic papovavirus) in B cells. This Pu motif is recognized by a lymphoid-cellspecific protein.
The E,,, 5'-flanking region has a sequence at positions -1235 to -1224 that is a 10-of-12-bp match with the SV40-LPV motif (Fig. SD) . The two mismatches are reciprocal G-+A and A--G substitutions. Although these changes seem rather mild, the first does occur at a major contact site for the Pu-binding protein.
Because of the similarity between the E0, and SV40-LPV sequences, we asked whether the Em Pu-like sequence is (Fig. 11, arrow) ; methylation interference mapping confirmed that this protein corresponds to the one previously described (data not shown). As 
